ABSTRACT: Nucleic acid nanotechnology has enabled researchers to construct a wide range of multidimensional structures in vitro. Until recently, most DNA-based structures were assembled by thermal annealing using high magnesium concentrations and nonphysiological environments. Here, we describe a DNA selfassembly system that can be tuned to form a complex target structure isothermally at any prescribed temperature or homogeneous condition within a wide range. We were able to achieve isothermal assembly between 15 and 69°C in a predictable fashion by altering the strength of strand−strand interactions in several different ways, for example, domain length, GC content, and linker regions between domains. We also observed the assembly of certain structures under biocompatible conditions, that is, at physiological pH, temperature, and salinity in the presence of the molecular crowding agent polyethylene glycol (PEG) mimicking the cellular environment. This represents an important step toward the self-assembly of geometrically precise DNA or RNA structures in vivo. KEYWORDS: DNA nanotechnology, isothermal assembly, single-stranded tiles, biocompatible assembly, molecular crowding N ucleic acid self-assembly has proven to be a powerful tool for constructing nanoscale structures due to the precise and predictable relationship between structure geometry and the encoded sequence. Over the past few decades, a wide range of DNA and RNA-based nanostructures have been demonstrated, including a variety of two-dimensional (2D) and threedimensional (3D) geometries 1−14 and dynamic devices.
N ucleic acid self-assembly has proven to be a powerful tool for constructing nanoscale structures due to the precise and predictable relationship between structure geometry and the encoded sequence. Over the past few decades, a wide range of DNA and RNA-based nanostructures have been demonstrated, including a variety of two-dimensional (2D) and threedimensional (3D) geometries 1−14 and dynamic devices. 15−22 Additionally, such nanostructures can interface with and organize molecules, cells and other materials, 1,12,23−27 thereby enabling biophysical 24, 28 and potential biomedical 23, 29, 30 applications. The self-assembly of individual strands into DNA nanostructures typically involves a thermal gradient in which the system temperature is first raised (e.g., to 80−90°C) and then gradually lowered to room temperature. This thermal gradient can be replaced with a chemical gradient of a denaturing agent to isothermally assemble precisely controlled DNA origami structures. 31 In addition to gradient-based assembly, researchers have demonstrated the isothermal formation of extended crystals 12, 32, 33 using DNA and RNA tiles and discrete structures using DNA origami, 34 both under homogeneous conditions.
Isothermal assembly of DNA tiles and origami under homogeneous conditions represents important progress for the assembly of complex DNA nanostructures. Compared with thermal annealing, assembling structures in homogeneous conditions leads to rapid structure formation with higher yield and quality. 34 However, previous work on DNA tile crystals and origami still requires a highly optimized set of assembly conditions (temperature, salinity, etc.) that are structure-dependent and restricted to a narrow range, thereby limiting the scope of potential applications. In contrast, assembly across a wide range of conditions will increase the range of applications of DNA nanotechnology, especially when the assembly conditions are specified by the application, such as in vivo scaffolding 12 of metabolic enzymes (where the assembly is required to happen under intracellular conditions) or in situ imaging 35 (where the assembly is required to happen under harsh denaturing conditions). Thus, the next important challenge is to devise a general method in which, given a particular homogeneous condition and a target shape, the user can design a system that assembles under that particular condition into the desired shape, e.g. the isothermal assembly of a particular shape under any prescribed temperature over a wide temperature range. Such capability will greatly expand the application scope where an assembly system can be designed to operate under diverse homogeneous conditions specified by the desired application. Here we provide a general solution to this challenge.
The key innovation in our approach is that we exploit the tunable nature of single-stranded tile (SST) structures and demonstrate structural designs that can assemble isothermally at a wide range of temperature and salt concentrations, including conditions mimicking intracellular environments. Compared with DNA origami, which typically uses a fixed scaffold sequence, single-stranded tiles (SSTs) give us the freedom to independently vary the sequence of any tile in the structure. We use this freedom to program the strength of strand−strand interactions, thereby shifting the optimal assembly temperature to a user-specified temperature. In other words, the assembly temperature of a structure is now an explicit design parameter. This will allow one to tune the design of a structure to fit a particular application.
We report the successful isothermal assembly of modified SST structures across a wide range of temperatures. Building upon our previous SST work, 5, 13, 14, 36 we test 11 compact 2D SST structures ( Figure 1a ) and 17 flexible variants with singlestranded polyT linkers between the double-stranded domains (Figure 1b) . 36 Instead of the traditional thermal annealing protocol (Figure 1c ), all structures were assembled isothermally ( Figure 1d ). Our approach therefore represents a general method for isothermally assembling complex nanostructures across a wide range of specified temperatures. We generally find higher assembly temperatures for structures with longer domains, and lower temperatures for those with linkers. We also show that the assembly temperature can be modulated by changing the strand−strand binding energy in several ways, such as altering GC content of binding domains or disrupting continuity of complementary segments.
Finally, we report successful assembly of designed DNA nanostructures under biocompatible conditions, that is, at physiological temperature and pH, low salinity, and in the presence of molecular crowding agents. Flexible structures, which assemble at a wider range of conditions than their nonflexible counterparts, assemble well under biocompatible conditions. This represents a significant step toward the in vivo assembly of geometrically precise, nucleic acid nanostructures. More generally, this approach may enable additional biological applications of nanostructures in cases where in situ delivery of preassembled structures is not an option.
In our single-stranded tile (SST) system, each strand consists of four binding domains, with or without a single-stranded linker region between consecutive domains. In the presence of divalent cations, each strand is bound to its four neighbors via complementary domains, resulting in a self-assembled 2D SST structure. 13 Most of our structures are derived from motifs in our recent work 36 and consist of 66 SSTs that form a 2D rectangular shape. Two categories of motifs are used. The motifs without linkers form 2D rectangles composed of 10 parallel helices (with length ranging from 108 to 252 nt) connected by periodic single-stranded crossovers. Motifs with polyT linkers form flexible rectangular, fish-net patterns containing short segments of DNA helices connected by single-stranded linkers at all junctions. We varied domain length, linker length, and other design parameters. For an overview of the system, see Supporting Information Figure S1 and Text S1.
SST structures can isothermally assemble across a wide range of temperatures (Figure 2 ). We tested a set of U-shaped motifs 13, 36 to form 2D rectangular structures. By altering the domain lengths of the SST motifs from 8 to 21 nt, we were able to achieve isothermal assembly across a 54°C range (from 15 to 69°C). Structure formation was assayed by gel electrophoresis and atomic force microscopy (AFM). A dominant product band was observed after isothermal assembly for 12 h at the indicated temperatures in the presence of 10 mM Mg 2+ . The formation ranges indicated on the temperature line are a subset of the temperature ranges over which a dominant product band was observed on the gel (see Supporting Information Figure S2 for full range and raw gel data). In some cases, we observed the presence of high molecular weight bands or smears, presumably due to structure aggregation.
Imaging of the unpurified reaction or of the gel-purified product (indicated with an asterisk) revealed the formation of structures with the designed shapes. Structures with polyT linkers between domains were imaged after the addition of complementary polyA strands. They exhibited a wide range of conformations when imaged due to the flexibility inherent in the linker regions.
The assembly yield was quantified using native gel electrophoresis ( Figure 3a) . We assembled structures isothermally for 1 h (domain length <16 nt) or 12 h (domain length ≥16 nt) at a range of temperatures and then quantified the gel yield in each lane (which corresponds to a particular, fixed assembly temperature) using the TotalLab Quant gel quantification software (Figure 3b) . Here, the yield is defined as the ratio of the intensity of the product band divided by the intensity of the entire lane after proper background correction. This is only an approximation of the true formation yield 13 but is useful for comparing relative yields for assembly under varying conditions. The yield curves were then fit to a Gaussian function with a constant background using custom MATLAB software (Figure 3b) . The yield as a function of temperature is well-fit by a Gaussian function, indicating that our structures assemble optimally at a specific isothermal temperature.
We show dependence between the assembly temperature and the domain length (Figure 3c ; see Supporting Information Figure S3a for raw gel data). The Gaussian fits obtained from curve fitting to the gel quantification data allowed us to obtain a mean and a full-width at half-maximum (fwhm) for each structure that define an optimal temperature and an optimal temperature range, respectively. The formation range is indicated by the extent of the scatterplot, and the relative yields at each temperature are indicated by the diameter of the marker. We examined two sets of structures, those with no linker between domains (green) and those with a 10T linker between domains (orange). In both cases, we observed that the formation range was a monotonically increasing function of the domain length with diminishing returns at higher temperatures. It should be noted that since all of our domains have a similar GC content (around 50%) that domain length is a proxy for the strength of strand−strand interactions in these experiments. Rational design of optimal assembly temperature (blue, lower; red, higher) with three other methods: altering the GC content of domains to 30% (low GC) or 70% (high GC), splitting domains in half and changing domain lengths. In the case of splitting domains, a single T nucleotide is inserted in the middle of each domain (blue dots) to split each strand into a 5-T-5-10T-6-T-5-10T-5-T-5-10T-5-T-6 sequence pattern. In both panels, numbers in strand diagrams indicate domain lengths (unit: nt), tagged bars delimit the full width at halfmaximum (fwhm) of a Gaussian fit to the yield as a function of assembly temperature, and a circle denotes the optimal temperature (see Supporting Information Figure S4 for raw gel data). Linkers between domains caused an ∼10°C downward shift in the assembly temperature (Figure 3d ; see Supporting Information Figure S3b for raw gel data). Even a single T nucleotide between domains was sufficient to shift the assembly temperature; additional T nucleotides did not contribute to the temperature shift. As in Figure 3b , we show the formation range using a scatterplot, where the relative yield at each temperature is indicated by the diameter of the marker. The effect of the linkers did not depend on the polyT sequence; a linker consisting of 10 A nucleotides caused a similar downward shift in assembly temperature (see Supporting Information Figure  S3c) .
We redesigned many structures to assemble at the physiological temperature using polyT linkers (Figure 4a ; see Supporting Information Figure S4a for raw gel data). As shown, the effect of polyT linkers was similar for several different strand geometries, causing a downward shift of the assembly temperature of 7−10°C. In all cases, the redesigned structures formed well at the physiological temperature (37°C), indicating the generality of this approach for programming the assembly temperature of DNA nanostructures. Furthermore, we demonstrated several additional strategies to shift the assembly temperature (Figure 4b ; see Supporting Information Figure S4b for raw gel data): altering the strength of strand− strand interactions via the GC content, changing the length of the complementary domains within a structure, or splitting domains in half by inserting a single T nucleotide. Thus, there exists a wide variety of ways to program the assembly temperature of a DNA nanostructure. This should enable structures with varying geometries and morphologies that assemble at desired temperatures.
Flexible SST DNA structures assembled under biocompatible conditions. A number of structure designs assembled well at the physiological temperature (37°C; Figures 2, 3, and 4) . However, there exist other environmental variables, such as pH, salinity, and molecular crowding, which must be accounted for in order for structure assembly to be biocompatible. We tested two structure designs which assembled well at 37°C in 1 h (Figure 3b ), one with a 2T linker (olive) and one with a 10T linker (orange) by systematically varying other environmental variables in vitro ( Figure 5 ; see Supporting Information Figure  S5 for raw gel data). Yields are determined as in Figure 3a .
Physiological pH is compatible with structure assembly (Figure 5a) . We varied the pH of the buffer in which the structures were assembled from 7 to 9, which encompassed the physiological pH range. Both structures assembled well across this pH range, indicating that the physiological pH should not prevent SST structures from self-assembling.
Low salinity hindered structure formation (Figure 5b ). DNA nanostructures are typically assembled in vitro with a Mg 2+ concentration in excess of 10 mM. 4, 6, 13, 37 Recently, it was shown that sodium ions can also be interchanged for magnesium ions in some cases. 38 However, the free concentration of magnesium equivalents in the E. coli cytoplasm is approximately 2−4 mM (1−2 mM Mg 2+ , 180− 200 mM Na + or K + 39,40 ). Our flexible SST designs assembled close to optimally at as low as 6 mM Mg 2+ (2T linker, olive) or 4 mM Mg 2+ (10T linker, orange), approaching but not quite reaching the biologically relevant salinity.
Crowded conditions decreased the assembly yield ( Figure  5c ). A crowded environment was simulated using polyethylene glycol with an average molecular weight of 8000 Da (PEG-8000). To test the effect of crowding on structure assembly, the PEG-8000 concentration was varied from 0 to 23.5 mM. A Mg 2+ concentration of 10 mM was used in these experiments. We observed a decline in yield for both structure designs with increasing PEG-8000 concentrations, combined with the appearance of a high molecular weight band indicative of aggregation (see Supporting Information Figure S5c for raw gel data).These results indicate that a combination of crowding and high magnesium decreases assembly yield. Additionally, we have noted that the long linker design (orange) had a consistently higher yield than the short linker design (olive) under the conditions we tested (Figure 5a−d) , perhaps due to increased flexibility enhancing the assembly process (e.g., by relieving the electrostatic repulsion between parallel DNA helices).
Molecular crowding compensated for low magnesium, thereby enhancing structure assembly (Figure 5d ). When considered separately, both salinity and crowding pose challenges to biocompatible assembly of tile-based DNA nanostructures. However, when we tested the two conditions together by varying the PEG-8000 concentration from 0 to 20 mM with low salinity (1 mM Mg 2+ , 100 mM Na + ) at pH 7.5, we observed that increased crowding actually improved the assembly yield. This effect was seen for both short (olive) and long linker designs (orange). Together, these results indicate that SST DNA nanostructures can be designed to assemble under biocompatible conditions.
We conjecture that molecular crowding enhances structure assembly by increasing the effective magnesium concentration (Figure 5e ). In the absence of crowding, high salinity is required for assembly (top left), but in the presence of crowding high salinity inhibits assembly. This model is consistent with our experimental results; structure assembly (product band) is observed under high salinity with no crowding and low salinity with crowding but not under low salinity with no crowding or under high salinity with crowding ( Figure 5f ). We used this insight to construct a quantitative model of the effect of molecular crowding on structure assembly and predict a range of conditions under which assembly is likely to occur, indicated by the shaded regions (Figure 5g ; see Supporting Information Text S3 and Figure S6 for details).
SST structures can be tuned to assemble isothermally across a range of temperatures from 15 to 69°C. Additionally, we demonstrated four different ways to modulate the assembly temperature of a structure: changing domain length, altering domain GC content, adding a linker between domains, or splitting a domain in half. This has enabled us to design SST structures that can assemble well under biocompatible conditions. More generally, we now have the capability to design structures that can assemble under a diverse range of specified conditions. We noticed that structures tend to assemble with lower yield at extreme temperatures or conditions. However, the yield at a particular condition, or the range of assembly conditions, can be increased by extending the reaction time. Together, these results indicate that the isothermal SST assembly process is remarkably robust to the assembly temperature and conditions. Our ability to assemble structures at room temperature can enable the study of structure assembly in real time using atomic force microscopy 22, 32 or super-resolution microscopy techniques; 41 at the other end of the spectrum we can assemble structures at temperatures above the typical melting temperature of previous DNA nanostructures. More broadly, our Nano Letters unique ability to control the assembly temperature of DNA nanostructures allows structured to be tailored to in vivo or in situ applications where control of the ambient temperature may not be feasible. Our success in biocompatible assembly is particularly exciting because it is a key step toward in vivo assembly of geometrically precise nanostructures from many individual DNA or RNA components. Furthermore, biocompatible assembly takes us beyond the paradigm of annealing structures over many hours under precisely controlled reaction conditions. Our approach of rationally modulating the assembly conditions should be generalizable to other types of structures with a few potential constraints. One such constraint is that the component strands should not contain significant secondary structures that hinder their interactions with other strands. For example, the secondary structure of a typical M13 DNA origami scaffold strand may interfere with the designed structure formation at low temperatures. A scaffold with designed sequence could be used to overcome this constraint.
Beyond tunable SST structures, control over the assembly conditions could perhaps be further improved by exploiting toe-hold-mediated 42 strand displacement cascades, 17, 43 for example, using the triggered isothermal assembly of reconfigurable hairpins. 18, 35, 44 Although the resulting hairpin-based structures (e.g., branched junctions, 18 polymers, 35, 44, 45 or dendrimers 18 ) are not geometrically precise and typically involve very few component strands, they can be formed dynamically via the introduction of an initiator strand. Additionally, a simple two-component toe-hold exchange based system has been shown be robust to temperature, salinity, and concentration. 46 Thus, by integrating robustness of toe-hold based systems with the tunability and geometrical control of the SST systems described here, one may potentially design self-assembly systems that could allow for assembly across a wide range of temperatures and conditions without the need for condition-specific tuning.
A rational next step after biocompatible assembly is to assemble geometrically precise RNA nanostructures in vivo and to use them to organize metabolic enzymes or other functional biomolecules. 12 One could build upon the knowledge and experience from DNA SST assembly to design and rapidly prototype RNA structures that assemble under biocompatible conditions and act as scaffolds. With greater freedom in design geometry and positioning of protein-binding sites, one would be able to design and test interactions between multiple functional molecules across varying distances and geometrical patterns. One can thus survey a wider design space than has been achieved with previous protein 47, 48 or RNA 12 scaffolds. DNA or RNA nanostructures could be delivered or expressed as individual strands and assembled directly at the site of interest. Taken together, our results present a new opportunity to assemble precise, programmable structures in biological and cellular environments, which could lead to exciting in vitro and in vivo applications. 
